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E-mail address: Frank.Weber@bzh.uni-heidelberg.dPost-translational regulation of the transcription factor CLOCK (CLK) is crucial for circadian clock
function. The contribution of the hetero-dimerization partner CYCLE (CYC) to the post-translational
regulation of CLK is largely unknown. Here we report that Drosophila CLK and CYC proteins not only
interact in the nucleus, where they activate circadian transcription, but also in the cytoplasm of Dro-
sophila S2R+ cells. Cytoplasmic CLK accumulates in a hypo-phosphorylated state. Impairment of
CYC-binding caused a further reduction in CLK phosphorylation, while over-expression of CYC
enhanced the phosphorylation of cytoplasmic CLK towards a hypo-phosphorylated state. CYC also
promotes nuclear import of CLK, which is required for hyper-phosphorylation of the CLK protein.
Our results indicate a role of CYC in the post-translational regulation of the CLK protein.
Structured summary:
MINT-7025609: CLK (uniprotkb:O61735) binds (MI:0407) to Cyc (uniprotkb:O61734) by pull down
(MI:0096)
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction TIME (DBT), which triggers rapid phosphorylation and degradationThe circadian clock represents a molecular pacemaker mecha-
nism that temporally orchestrates physiological and behavioural
activities in synchrony with the environmental cycles of day and
night [1,2]. Trans-activation by the hetero-dimeric transcription
factors CLOCK (CLK) and CYCLE (CYC) forms the core oscillating
activity, which controls circadian oscillations of genome-wide
transcription in humans and Drosophila. Post-translational regula-
tion of CLK and precise temporal control of CLK/CYC-dependent
transcription are crucial for molecular clock function and accurate
timing of circadian controlled physiology [3–5].
The phosphorylation level of the CLK protein shows robust
oscillations over the course of a day, supporting a crucial role of
post-translational regulation for molecular clock function [6]. Sev-
eral kinases, such as PKA, CaMK II, and MAPK were implicated in
the regulation of CLK/CYC-dependent transcription [7], through di-
rect phosphorylation of the CLK protein and/or through regulation
of the essential co-activator CREB-binding protein (CBP) [8]. In Dro-
sophila, two CLK/CYC activated genes period (per) and timeless (tim)
feed back on their own transcription by inhibition of CLK/CYC,
forming the core feedback loop of the molecular circadian clock
[9]. PER associates with the casein kinase Ie homolog DOUBLE-chemical Societies. Published by E
e (F. Weber).of the PER protein [10]. TIM stabilizes cytoplasmic PER allowing
the accumulation of PER/TIM complexes [11,12]. TIM thereby con-
tributes to the timing of PER nuclear import and inhibition of CLK/
CYC [13,14]. In the nucleus, PER was found to bind CLK/CYC and
mediate its release from chromatin [15], causing repression of
CLK/CYC-dependent transcription [16,17]. PER mediated inhibition
of CLK/CYC involves the recruitment of DBT and yet unknown ki-
nases that promote hyper-phosphorylation and degradation of
CLK in ﬂies [15,18,19].
Heterodimerization between CLK and CYC is required for activa-
tion of circadian transcription. To date it is however not known
whether CYC affects the post-translational processing of the CLK
protein. Here we report that CLK and CYC interact in the cytoplasm
of Drosophila S2R+ cells and heterodimerization promotes nuclear
import as well as phosphorylation of cytoplasmic CLK.
2. Materials and methods
2.1. Expression constructs
CLK proteins were expressed from a pAc5.1/V5-HisA vector
(Invitrogen, Carlsbad, CA, USA) without any tag (pAc-Clk) for tran-
scription activation assays as described in [7,8] or as fusion pro-
teins with a N-terminal DsRed red ﬂuorescent protein tag
(pDsRed-Clk) for ﬂuorescence microscopy. Mutations werelsevier B.V. All rights reserved.
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(Stratagene, La Jolla, CA, USA) according to the instructions by
the manufacturer and using the following primers: CLKbHLH (car-
ries mutations K22 to E and R23 to G; fwd, CTC AGC GAG AAG
GAG GGA CGA GAT CAG TTC AAC TCG; rev, CGA GTT GAA CTG
ATC TCG TCC CTC CTT CTC GCT GAG), CLKNLS (carries mutations
P484 to L, K485 to E, and K487 to E; fwd, CCA CAG GAA TAT CGC
TCG AGG CCG AAC GAA AGT GC; rev, GCA CTT TCG TTC GGC CTC
GAG CGA TAT TCC TGT GG), CLKA (carries mutations L122 to W
and L126 to W; fwd, GCT GGG CTA TTG GCC GCA AGA TTG GTA
CAA CAT GAC CA; rev, TGG TCA TGT TGT ACC AAT CTT GCG GCC
AAT AGC CCA GC). These mutations were also combined in order
to generate CLKbHLH/NLS and CLKbHLH/NLS/A mutant constructs. CYC
was expressed with or without a N-terminal enhanced green ﬂuo-
rescent protein (EGFP) fusion tag (pEGFP-CYC), as indicated in the
ﬁgures.
2.2. Fluorescence microscopy
For cellular localization studies, DsRed-CLK and EGFP-CYC were
expressed in Drosophila S2R+ cells after transient transfection with
lipofectin (Invitrogen) as instructed by the manufacturer.
0.4  106 cells were transfected with 1 or 2 lg of plasmid DNA
with 10 ll of lipofectin in 200 ll of serum free Schneiders’ insect
medium (Sigma, St. Louis, MO, USA) and cells were cultured in
poly-L-lysine (Sigma) coated cover slide chambers (Nalgene,
Rochester, NY, USA) after the addition of 200 ll 20% fetal bovine
serum in Schneiders’ insect medium (Sigma). Fluorescence micros-
copy was performed using an Axiovert 200M (Zeiss, Jena,
Germany) microscope after staining of nuclei with Hoechst
33342 (Invitrogen). At least 100 transfected cells (60 for EGFP-
CYC) from at least two independent experiments were analyzed
per construct. Images were collected with a laser-wavelength of
563 nm for DsRed-CLK, 488 nm for EGFP-CYC and 352 nm for Hoe-
chst 33342 stained nuclei. For co-transfection of DsRed-CLKbHLH/NLS
with EGFP-CYC pictures were taken with the speciﬁed wave
lengths.
2.3. Co-precipitation assays
Wild-type and mutant CLK constructs were expressed with an
N-terminal 6-histidine fusion tag (H6-tag) from a SP6 promoter in
reticulocyte lysate using the SP6-quick coupled transcription/
translation system (Promega,Madison,WI) as instructed by theman-
ufacturer and as described previously [8]. CLK proteins were trans-
lated in the presence of unlabeled methionine. CYC was expressed
using8 lCi 35S-methionine (AmershamPharmacia,Uppsala, Sweden)
generating labeled 35S-CYC. Subsequent co-precipitation was per-
formed as described previously [8]. The amounts of precipitated
CLKproteinweredeterminedbyWesternblot analysis andco-precip-
itated 35S-CYC was quantiﬁed by autoradiography [8].
2.4. Transcriptional activity assays
Transcriptional activation assays in Drosophila S2R+ cells were
performed as described previously [7,9,16]. In brief, cells from
400 ll culture (106 cells/ml) were transfected with 25 ng pRLcopia,
10 ng pGL3-(4-per-E-box)hs::luc+, 200 ng pHT control vector and
0.25 ng pAc-Clk construct. For coexpression of CYC the pHT vector
was replaced by a pAc-cyc plasmid. After 40–48 h luciferase activ-
ities were determined using the dual-luciferase reporter assay sys-
tem (Promega) according to the instructions by the manufacturer.
Fire-ﬂy luciferase activity was normalized towards Renilla lucifer-
ase activity in order to control for transfection efﬁciency and lysate
concentration [7,9].2.5. Western blot analysis
CLK proteins were analyzed after expression in S2R+ cells that
were transiently transfected with 2 lg pAc-Clk constructs alone
or 0.3 lg pAc-Clk construct together with 2 lg pAc-cyc as described
for ﬂuorescence microscopy. After 40–48 h cells were harvested
and lysed in 4 SDS loading buffer [240 mM Tris/HCl, pH 6.8, 8%
(w/v) SDS, 20% (v/v) Glycerol], boiled at 95 C and lysates were
subjected to SDS–PAGE on 6% gels. CLK protein was analyzed by
Western blot using an antibody raised in rabbits against the C-ter-
minus of CLK [8].
For phosphatase treatment, CLK proteins were similarly ex-
pressed in S2R+ cells. Cells were lysed in RBS buffer (10 mM HEPES
at pH 7.5, 5 mM Tris at pH 7.5, 50 mM KCl, 10% glycerol, 2 mM
EDTA, 1 mM DTT, 1% Triton X-100, 0.4% NP-40) [15] to which com-
plete protease inhibitor (Roch Diagnostics) was added. Wild-type
and mutant CLK proteins were afﬁnity puriﬁed on Ni-NTA agarose
beads as described for co-precipitation studies. Beads were washed
with k-phosphatase buffer (New England Biolabs, Ipswich, MA,
USA) and subsequently incubated with 25 units of k-phosphatase
(New England Biolabs) in 50 ll of buffer for 1 h at 37 C. Beads
were boiled at 95 C after addition of SDS loading buffer and
proteins were analyzed by 6% SDS–PAGE and Western blot.3. Results
3.1. The PAS A domain of CLK is important for interaction with CYC
CLK and CYC are both members of the basic helix-loop-helix
(bHLH) PAS-domain family of transcription factors that contain a
N-terminal bHLH-DNA binding domain followed by two PAS pro-
tein–protein interaction domains (PAS A and PAS B) (Fig. 1A)
[9,20,21]. Initially we were searching for a functional nuclear ex-
port signal (NES) in the CLK protein and therefore mutated leucine
residues of a consensus NES in the PAS A domain, generating the
CLKA mutant (Fig. 1A). As shown later, the PAS A mutations did
not enhance nuclear localization of CLK, indicating that these
mutations did not affect a functional NES. Interaction between
CLK and CYC through their PAS A domains is however thought to
allow close proximity of the bHLH domains, which is required for
DNA binding. Consistent with this expectation, mutations in the
PAS A domain of the CLKA protein affected the binding afﬁnity
for CYC (Fig. 1). We found that CYC co-precipitated with wild-type
CLK, but very inefﬁcient co-precipitation was observed for the CLKA
mutant (Fig. 1B). These results show a strongly reduced interaction
between CYC and the CLKA mutant, suggesting that the PAS A do-
main of CLK is important for interaction with CYC.
3.2. CYC affects nuclear trans-location and post-translational
processing of CLK
We next asked whether differences in the afﬁnity for CYC affect
the regulation of the CLK protein. We ﬁrst investigated the sub-cel-
lular localization by ﬂuorescence microscopy after expression of
CLK proteins with a red ﬂuorescent protein (DsRed) fusion-tag.
An analysis of the sub-cellular localization of CLK in different cell
lines revealed that in S2R+ cells wild-type CLK showed a strong
cytoplasmic staining in addition to nuclear localization in most
cells (Fig. 2A). Over-expression of CYC facilitated an efﬁcient nucle-
ar translocation of the CLK protein (Fig. 2A) that was similar to the
previously observed nuclear localization pattern of CLK in S2 cells
[19]. We found that S2 cells express about twofold higher endoge-
nous transcript levels of cyc compared to S2R+ cells as determined
by quantitative real-time PCR (data not shown), suggesting that
CYC is important for efﬁcient nuclear localization of CLK.
Fig. 1. The PAS A domain of CLK is important for interaction with CYC. (A)
Schematic overview of different domains of CLK [consensus nuclear localization
signals (NLS, red), basic helix-loop-helix DNA binding domain (bHLH, brown), Per-
Arnt-Sim domains (PAS, blue), C-terminal of PAS domain (PAC, green)]. Mutations
incorporated in the Per-Arnt-Sim (PAS) protein–protein interaction domain A of CLK
are indicated in yellow. Amino acids that were mutated in CLKbHLH, CLKA, and
CLKNLS constructs are shown below with incorporated mutations indicated in blue.
(B) Co-precipitation of radio-labeled CYC with either wild-type CLK or CLKA mutant
protein. Equal amounts of reticulocyte lysate expressed 35S-labeled CYC [input
(40%)] were co-precipitated with beads alone (control), with wild-type CLK or with
the PAS A mutant CLKA as indicated in the ﬁgure. The precipitated CLK was
quantiﬁed by Western blot and the amount of co-precipitated 35S-CYC by
autoradiography.
Fig. 2. CYC promotes nuclear localization and phosphorylation of CLK. (A) The sub-cellu
was analyzed by ﬂuorescence microscopy after expression in S2R+ cells either in the abs
Hoechst 33342 are shown in blue. Inserts show percentage of cells with only nuclear (N)
experiments were analyzed. In the absence of co-expressed CYC, the CLKA mutant showed
CLK, which was equally distributed between the cytoplasm and the nucleus in most cells
mutant proteins after expression in S2R+ cells. The left panel shows a weaker exposure of
blot analysis of the phosphorylation states of wild-type CLK and CLKA mutant proteins
co-expressed CYC, as indicated in the ﬁgure. Representative results from at least three i
C. Maurer et al. / FEBS Letters 583 (2009) 1561–1566 1563Consistent with this conclusion, the CLKA mutant revealed a pre-
dominant cytoplasmic localization without signiﬁcant amounts of
nuclear protein, as determined by ﬂuorescence and confocal ﬂuo-
rescence microscopy (Fig. 2A, and data not shown). Reduced afﬁn-
ity for CYC therefore appears to further reduce the nuclear
localization of CLK in S2R+ cells. Over-expression of CYC facilitated
however an efﬁcient nuclear localization of the CLKA mutant that
was similar to wild-type CLK (Fig. 2A). The later ﬁnding suggests
that over-expression of CYC drives hetero-dimerization with the
CLKA mutant, consistent with a reduced afﬁnity, but not abolished
interaction between CLKA and CYC (see Fig. 1). These ﬁndings sup-
port a role of CYC for promoting nuclear localization of CLK.
We previously characterized two nuclear localization signals
(NLS) in the CLK sequence of which one is located N-terminal of
the bHLH-DNA-binding domain and one is located in the middle
portion of the CLK protein. Basic residues of both consensus NLS
motives were mutated in order to render these sites non-func-
tional (Fig. 1A). The thereby generated CLKbHLH/NLS mutant
accumulated in a hypo-phosphorylated state in the cytoplasm
(see Fig. 4A and B). Detailed analysis of the contribution of both
consensus NLS motives to nuclear localization of CLK revealed that
the NLS in the middle part is necessary for nuclear import of the
CLK protein. The N-terminal consensus NLS may enhance nuclear
localization of CLK, but is neither required nor sufﬁcient for nuclear
import (data not shown). Similar to NLS-mutant CLK protein, CLKA
was found to be hypo-phosphorylated in S2R+ cells (Fig. 2B), sup-
porting the cytoplasmic localization pattern observed by ﬂuores-
cence microscopy. Over-expression of CYC caused a hyper-
phosphorylation of wild-type CLK and similarly enhanced the
phosphorylation of the CLKA mutant (Fig. 2C). These observations
are consistent with a nuclear localization of CLKA after over-
expression of CYC (Fig. 2A), supporting a role of CYC for nuclear
localization of CLK. Together with the interaction and localization
studies, the observations indicate that mutagenesis of the PAS A
domain reduces the afﬁnity of CLKA for CYC, which causes anlar distribution of wild-type CLK and CLKA (shown in red) as indicated in the ﬁgure,
ence (left panels) or presence (right panels) of co-expressed CYC. Nuclei stained with
or signiﬁcant cytoplasmic (C) localization. At least 100 cells from two independent
only cytoplasmic localization without signiﬁcant nuclear staining, unlike wild-type
. (B) Western blot analysis of the phosphorylation states of wild-type CLK and CLKA
wild-type CLK from the sameWestern blot as shown in the right panel. (C) Western
after expression in S2R+ cells (as in B) either in the absence or in the presence of
ndependent experiments are shown.
Fig. 3. Over-expression of CYC partially rescues the transcriptional activity of a CLK
mutant with reduced afﬁnity for CYC. CLK/CYC-dependent luciferase reporter gene
expression in S2R+ cells for indicated CLK proteins either in the absence (black bars)
or presence (gray bars) of co-expressed CYC. Average luciferase activity (±S.E.M.)
from at least four independent experiments is shown as percent of the wild-type
control set to 100.
Fig. 4. Cytoplasmic interaction with CYC promotes the post-translational process-
ing of CLK. (A) The sub-cellular distribution of wild-type CLK and CLKbHLH/NLS
(shown in red) as indicated in the ﬁgure, was analyzed by ﬂuorescence microscopy
after expression in S2R+ cells in the presence of co-expressed CYC. Nuclei stained
with Hoechst 33342 are shown in blue. Inserts show percentage of cells with only
nuclear (N) or signiﬁcant cytoplasmic (C) localization. At least 100 cells from two
independent experiments were analyzed. (B) Western blot analysis of the
phosphorylation states of wild-type CLK and cytoplasmic CLKbHLH/NLS and
CLKbHLH/NLS/A mutants (as in Fig. 2) are shown after expression in S2R+ cells either
in the absence or in the presence of co-expressed CYC, as indicated in the ﬁgure.
Representative results from at least three independent experiments are shown. (C)
Fluorescence microscopy of the sub-cellular distribution of EGFP tagged CYC
(shown in green) in the absence (ﬁrst row) or presence of co-expressed cytoplasmic
DsRed-CLKbHLH/NLS (shown in red, second row). Yellow indicates co-localization of
EGFP-CYC and DsRed-CLKbHLH/NLS in merged images. Nuclei stained with Hoechst
33342 are shown in blue. At least 60 cells from two independent experiments were
analyzed.
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plasm. Over-expression of CYC enhances the formation of CLKA/
CYC complexes, which promotes nuclear localization and hyper-
phosphorylation of CLKA.
We next investigated effects of PAS A mutations on the tran-
scriptional activity of the CLK protein (Fig. 3). CLK/CYC-dependent
transcription was analyzed by investigating the expression of a
luciferase reporter gene from a minimal heat-shock promoter that
contained four CLK/CYC-responsive E-box elements of the per-pro-
moter [7,9]. No functional levels of endogenous CLK were
detectable in S2R+ cells, allowing the analysis of the transcriptional
activity of different CLK mutants after co-transfection with repor-
ter constructs. Expression of CLKA did not signiﬁcantly activate re-
porter gene expression compared to a wild-type CLK control
(Fig. 3). Co-expression of CYC however, partially restored transcrip-
tional activation by CLKA, consistent with a forced CLKA/CYC het-
ero-dimerization and enhanced nuclear localization of CLKA in
the presence of high amounts of CYC. In addition, the activity as-
says support a native fold of the CLKA mutant protein.
3.3. CYC promotes phosphorylation of cytoplasmic CLK
The ﬁnding that cytoplasmic CLK is hypo-phosphorylated
(Fig. 4A and B) and interaction with CYC promotes nuclear localiza-
tion of the CLK protein (Fig. 2A) suggested that CYC affects the reg-
ulation of CLK. To further test for a role of CYC in the post-
translational processing of the CLK protein prior to transcriptional
activation, we analyzed, whether CYC affects the phosphorylation
of CLK in the cytoplasm prior to nuclear import. To address this
question, mutations in the PAS A domain were combined with
mutations in both consensus NLS sequences of the CLK protein that
render these sites non-functional and cause a cytoplasmic localiza-
tion and hypo-phosphorylation of the CLKbHLH/NLS protein (Fig. 4A
and B). After expression in S2R+ cells, CLKbHLH/NLS revealed two
bands with increased electrophoretic mobility compared to wild-
type CLK suggesting the presence of a non- and a hypo-phosphor-
ylated form (Fig. 4B, see Supplementary Fig. S1 for phosphatase
treatment). Introducing the PAS A mutations into this mutant
background caused a further reduction in the phosphorylation
state of the CLKbHLH/NLS/A mutant, which accumulated strongly in
the lower phosphorylation form (Fig. 4B). This ﬁnding suggested
that reduced afﬁnity for CYC decreased the phosphorylation of
cytoplasmic CLK. Co-expression of CYC instead increased the phos-
phorylation of CLKbHLH/NLS/A, consistent with a role of CYC in pro-
moting phosphorylation of cytoplasmic CLK (Fig. 4B). Comparison
of the cytoplasmic mutants with wild-type CLK showed howeverstrongly reduced phosphorylation levels for all cytoplasmic CLK
proteins (Fig. 4B). These results show that CYC promotes the
post-translational processing of cytoplasmic CLK towards a hypo-
phosphorylated state, but hyper-phosphorylation of CLK requires
nuclear entry.
3.4. CLK and CYC interact in the cytoplasm
The effect of CYC on the phosphorylation state of cytoplasmic
CLK suggested a direct interaction between CLK and CYC in the
cytoplasm. In order to test for such interaction we analyzed the
localization patterns of CYC either in the absence or presence of
co-expressed cytoplasmic CLK mutant (Fig. 4C). CYC was expressed
C. Maurer et al. / FEBS Letters 583 (2009) 1561–1566 1565with an enhanced green ﬂuorescent protein (EGFP) fusion tag,
while CLKbHLH/NLS was expressed as a DsRed fusion protein. CYC
localized predominantly in the nucleus of S2R+ cells with a weak
staining visible in the cytoplasm (Fig. 4C). Co-expression of wild-
type CLK enhanced the nuclear localization of CYC, as observed
previously ([19], data not shown). Co-expression of cytoplasmic
CLKbHLH/NLS caused a retention of CYC in the cytoplasm and a co-
localization with the mutant CLK protein in cytoplasmic speckles
(Fig. 4C). These results show an interaction between CLK and CYC
in the cytoplasm.
4. Discussion
Post-translational regulation of CLK and precise temporal regu-
lation of CLK/CYC-dependent transcription are crucial for molecu-
lar clock function [3,15]. Several cellular signalling pathways,
such as calcium and cyclic nucleotide signalling, were implicated
in the regulation of the circadian clock [22,23]. Such regulation
may be mediated through direct phosphorylation of the CLK pro-
tein, e.g. by CaMK II and MAPK [7], or through regulation of mem-
bers of the transcription co-activator family CBP/p300 that are
important for CLK/CYC-dependent transcription in mammals and
in Drosophila [8,24].
Not only activation, but also inhibition of CLK/CYC appears to
involve speciﬁc phosphorylation events on the CLK protein. PER
controls rhythms in circadian transcription by direct binding and
inhibition of CLK/CYC [15,19,25]. PER rhythmically recruits the
casein kinase Ie homolog DBT into a complex of chromatin bound
CLK/CYC, facilitating the hyper-phosphorylation of the CLK protein
and release of CLK/CYC complexes from chromatin [15,18]. PER is
thought to provide an interface for the recruitment of DBT and
other kinases that phosphorylate CLK and trigger inhibition and/
or degradation of the transcription factor [18,19].
A role of CYC in the post-translational processing of the CLK
protein prior to transcriptional activation has so far not been de-
scribed. Hetero-dimerization between CLK and CYC is thought to
be necessary for activation of circadian transcription, at least in
Drosophila, where no functional paralogs of these clock genes are
known. Activation of circadian transcription implies a hetero-
dimerization between CLK and CYC in the nucleus. We recently
investigated the sub-cellular localization as well as transcriptional
activity of CLK in different cell lines and found a strong cytoplasmic
localization in addition to nuclear staining in S2R+ cells (Fig. 2). In
contrast, CLK localized almost completely to the nucleus in S2 cells
[19]. Further investigation revealed that S2R+ cells express only
about 50% of endogenous cyc levels found in S2 cells, suggesting
that decreased levels of CYC may cause inefﬁcient nuclear localiza-
tion of CLK. Consistent with this interpretation, over-expression of
CYC promoted the nuclear accumulation of CLK in S2R+ cells, indi-
cating a role of CYC in nucleo-cytoplasmic transport of the CLK pro-
tein (Fig. 2A). Similarly, the mammalian CYC homolog BMAL1
promotes nuclear localization of mCLK [26–28]. Activation of
CLK/CYC-dependent transcription could be monitored in S2R+ cells
similar to S2 cells (Fig. 3), indicating that the regulatory network
required for CLK/CYC activation is functional in S2 as well as in
S2R+ cells. Reporter gene expression required co-transfection of a
CLK-expression plasmid, indicating that S2R+ cells similar to S2
cells do not express functional levels of endogenous CLK. Over-
expression of CYC enhanced CLK/CYC-dependent reporter gene
expression in both cell lines (Fig. 3 and data not shown). Effects
of CYC were however stronger in S2R+ compared to S2 cells, con-
sistent with reduced endogenous CYC levels in S2R+ cells.
Here we show that CLK and CYC not only interact in the nucleus,
where they activate circadian transcription, but hetero-dimeric
complexes are formed already in the cytoplasm prior to nuclear
import (Fig. 4). Cytoplasmic CLK accumulates in a hypo-phosphor-ylated state, while hyper-phosphorylation requires nuclear import
(Fig. 4B) [29]. Reduced afﬁnity for CYC, or over-expression of CYC,
reduced or enhanced the phosphorylation state of cytoplasmic CLK,
respectively (Fig. 4B). These results show that CYC promotes the
phosphorylation of cytoplasmic CLK, revealing a role of CYC in
the post-translational regulation of the CLK protein prior to the
activation of circadian transcription.
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